Thyroid hormone (TH) action is mediated by the products of two genes, TH receptor (THR)a (THRA) and THRb (THRB) that encode several closely related receptor isoforms with differing tissue distributions. The vast majority of THR isoform-specific effects are thought to be due to tissue-specific differences in THR isoform expression levels. We investigated the alternative hypothesis that intrinsic functional differences among THR isoforms mediate these tissue-specific effects. To achieve the same level of expression of each isoform, we created tagged THR isoforms and tested their DNA and functional properties in vitro. We found significant homodimerization and functional differences among the THR isoforms. THRA1 was unable to form homodimers on direct repeat separated by 4 bp DNA elements and was also defective in TH-dependent repression of Tshb and Rxrg in a thyrotroph cell line, TaT1.1. In contrast, THRB2 was both homodimer sufficient and fully functional on these negatively regulated genes. Using domain exchanges and individual amino acid switches between THRA1 and THRB2, we identified three amino acids in helix 10 of the THRB2 ligand-binding domain that are required for negative regulation and are absent in THRA1. (Endocrinology 158: 3067-3078, 2017) T hyroid hormones (THs) are essential for regulation of development and metabolism in mammals. Whereas THs activate transcription of multiple genes in nearly all tissues, negative regulation of gene expression by triiodothyronine (T3) is critical for maintaining TH levels in a narrow range through tight regulation of the hypothalamic-pituitary-thyroid (HPT) axis (1). TH action is mediated by three predominant TH receptor qRT-PCR, quantitative reverse transcription polymerase chain reaction; RTH, resistance to thyroid hormone; RTHa, resistance to thyroid hormone due to thyroid hormone receptor a mutations; RTHb, resistance to thyroid hormone due to thyroid hormone receptor b mutations; RXR, retinoic X receptor; RXRA, retinoic X receptor a; shRNA, short hairpin RNA; T3, triiodothyronine; TH, thyroid hormone; THR, thyroid hormone receptor; THRA, thyroid hormone receptor a; THRA1 LBD , thyroid hormone receptor a 1 carrying thyroid hormone receptor b LBD; THRA1 H10-12 , thyroid hormone receptor a 1 in which helices 10 to 12 were exchanged; THRB, thyroid hormone receptor b; THRB2 H10 , thyroid hormone receptor b 2 mutant protein where the most divergent area in helix 10 (YQDS) was converted to the sequence found in thyroid hormone receptor a 1 (SQEA); THRB2 H10-12 , thyroid hormone receptor b 2 in which helices 10 to 12 were exchanged; TNT, transcription/translation reticulocyte lysate system; TRE, thyroid hormone response element; WT, wild-type.
T hyroid hormones (THs) are essential for regulation of development and metabolism in mammals. Whereas THs activate transcription of multiple genes in nearly all tissues, negative regulation of gene expression by triiodothyronine (T3) is critical for maintaining TH levels in a narrow range through tight regulation of the hypothalamic-pituitary-thyroid (HPT) axis (1) . TH action is mediated by three predominant TH receptor (THR) isoforms, THRa1 (THRA1), THRb1 (THRB1), and THRb2 (THRB2), encoded by two genes, Thra and Thrb. As is true with other nuclear hormone receptors, THRs are modular in structure [ Fig. 1(a) ], and the most divergent domain is the N-terminal A/B domain that mediates ligand-independent transcriptional activation function (AF)-1 (2) . In contrast, the DNA-binding domain (DBD) and ligand-binding domain (LBD) show .90% homology among the isoforms. The LBD performs several critical functions: (1) binds hormones with high affinity, (2) contains ligand-regulated transcriptional AF-2 necessary for recruiting various coregulatory proteins, and (3) is involved in receptor dimerization. The selectivity of the THRs for targetspecific DNA response elements [TH response elements (TREs)] is encoded by the DBDs; however, the affinity of different THR complexes to various elements may also be influenced by AF-1 or LBDs (3) (4) (5) (6) (7) (8) (9) .
The arrangement of TREs within the promoter might regulate THR action by determining THR isoform binding, THR dimerization, and coregulators binding. In the classic view of how TH and its receptor stimulate gene expression, the gene promoter contains TREs consisting of a 6-bp consensus sequence (AGGTCA) organized as a direct repeat separated by 4 bp (DR4), a palindrome without spacing (PAL), or an inverted palindrome (LAP) separated by 4 to 6 bp (10-13). THRs can bind to these sites as homodimers or as heterodimers with 9-cis retinoic acid receptor [retinoid X receptor (RXR)]. Most studies suggest a preference for heterodimerization of THRs on DR4 sites; however, THRA1, THRB1, and THRB2 appear to have different relative affinities to DR4 as well as to LAP and PAL. It has also been suggested that at least at some target genes THRB can bind DNA without RXR (14) . Importantly, homodimerization appears to be an essential property of THRB isoforms, and mutations in Thrb that interrupt homodimer formation also appear to specifically affect negative gene regulation (7, 15, 16) .
A model for THR-DNA binding at negatively regulated genes is less defined. On genes found in the HPT axis and regulated negatively by TH, THR has also been proposed to bind to DNA as monomers (17, 18) . However, the lack of classical TRE sites in promoter regions of these genes does not exclude the possibility that chromatin structure and the associated transcriptional factors may actually be more important in determining THR-DNA binding than the sequence of the TRE.
Although functional and structural differences among THR isoforms are known, most reviews on TH action imply that the TH tissue effect is determined almost exclusively by the relative level of THR isoform expression in specific tissues, and not by their functional activity. Based on this view, organs with higher expression of THRB1 and THRB2 isoforms such as the HPT axis, liver, and inner ear are uniquely affected when these isoforms are deleted or mutated in animals. Mutations in THRB also defined classic resistance to TH (RTH) in man (RTHb). Subsequently, RTH due to THRA1 mutations (RTHa) was described and resistance was confined to organs thought to contain predominantly THRA1 (1, 19) . However, the analysis of THR isoform-specific messenger RNAs (mRNAs) suggests that few tissues predominantly express only one isoform, and the more relevant analysis of THR protein expression is lacking due to the absence of reliable THR isoform-specific antibodies. Therefore the hypothesis that the level of In vitro transcription/translation proteins from rabbit reticulocyte lysate were analyzed in duplicate by western blot using an anti-HA antibody. pSP72 was used as an "empty" vector negative control. (c-e) Binding of wild-type THRs to DR4, LAP, and PAL in the presence or absence of retinoic X receptor a (RXRA) were tested by electrophoretic mobility shift assay. (c) On a DR4 element, THRA1 bound exclusively as a heterodimer, THRB1 showed weak homodimer formation, and THRB2 bound as homodimer in the absence of T3. All THR isoforms heterodimerized with RXRA. (d) On an LAP element, all THRs isoforms bound as homodimers and heterodimers, but only THRA1 binding was dissociated by T3. (e) On a PAL element, THRs bound exclusively in the presence of RXRA. Samples were treated with vehicle or 100 nM T3. *Nonspecific band observed in unprogrammed lysate.
THR protein expression in tissues fully determines TH-dependent regulation of gene expression has yet to be rigorously proven. Alternatively, we and others have shown that the functions of THR isoforms are not completely redundant in their functional properties (20) (21) (22) .
To compare the functional activities of THR isoforms, we constructed hemagglutinin (HA)-tagged versions of THRA1, THRB1, and THRB2. We established that THR isoforms vary in their ability to form homodimers, with THRA1 having the lowest and THRB2 the highest ability to form homodimers. Similarly, we tested the function of each protein in negative and positive TH gene regulation using the thyrotroph cell line, TaT.1.1. We tested two genes, Tshb and Rxrg that were repressed by TH in a concentration-dependent manner, and two genes activated by TH, Rab27 and Sema3c. We found that all THR isoforms can activate gene expression in the presence of T3, but only THRB2 is able to repress Tshb and Rxrg at physiological concentrations of T3.
Using domain exchanges between THRA1 and THRB2 proteins, we found that the isoform-specific amino acid variations within the C-terminal part of the LBD (helices 10 to 12) determine the homodimer formation on various DNA elements. Importantly, substituting helices 10 to 12 of THRB2 with the corresponding THRA1 sequence weakened the ability of THRB2 to homodimerize on DR4 and LAP, whereas performing the opposite exchange allowed THRA1 to form strong homodimers on LAP. Subsequently, we found that just three amino acids in helix 10 are responsible for both the homodimer and functional difference between THRA1 and THRB2. We suggest that these helix 10 amino acids are critical for negative regulation in THRB2 and are absent in THRA1.
Materials and Methods

THR constructs
Mouse wild-type (WT) THR complementary DNAs (cDNAs) were obtained by quantitative reverse transcription polymerase chain reaction (qRT-PCR) from liver, heart, and pituitary RNA. The cDNAs were cloned in a TOPO vector and sequenced. THR mutants with exchanged domains were chemically synthesized (GeneArt Gene Synthesis; Invitrogen/ Life Technologies, Carlsbad, CA). The THRB2 H10 mutant was created using the QuickChange site-directed mutagenesis kits (Agilent Technologies, Santa Clara, CA). All WT and chimeric THR cDNAs were transferred to pENTR 2B vector, which was engineered to contain a uniform translational start site and an in-frame HA tag. All chimeric THRs were completely sequenced.
For in vitro transcription/translation, HA-tagged THRs were transferred into the pSP72 containing the T7 promoter (Invitrogen/Life Technologies, Carlsbad, CA). For THR rescue experiments, the HA-tagged cDNAs were transferred into the pAd-CMV-V5 vector. Adenovirus particles were produced according to the manufacturer's protocol by transfection of the PacI-digested constructs into 293A cells using Lipofectamine (Invitrogen/Life Technologies, Carlsbad, CA). Viruses were amplified and purified by the Viral Vector Core Facility (University of Iowa, Ames, IA). Verification of viral genomes was performed by PCR followed by sequencing.
Electrophoretic mobility shift assay HA-tagged WT and chimeric THRs as well as RXRa (RXRA) were synthesized using the coupled transcription/ translation reticulocyte lysate system (TNT T7; Promega, Madison, WI). The relative amounts of THRs were tested by Western blotting with anti-HA antibody (Sigma-Aldrich, St. Louis, MO). Electrophoretic mobility shift assay (EMSA) was performed as described (18) . Briefly, each receptor was incubated with 0.5 pmol of radiolabeled DR4, LAP, or PAL double-stranded oligonucleotide probe in the binding buffer [20 mM HEPES (pH 7.9), 50 mM KCl, 20% glycerol, 1 mM dithiothreitol, 0.05 mg/mL poly(deoxyinosinic-deoxycytidylic) acid] for 30 minutes at room temperature, and separated on nondenaturing 5% polyacrylamide gel in 0.53 TRIS borate EDTA buffer. Each experiment was repeated at least three times.
Cell culture and hormone treatments
TaT1.1 cells were plated in Dulbecco's modified Eagle's medium (Cellgro; Corning, Manassas, VA) containing 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO) and 1% antibiotic/antimycotic (Invitrogen/Life Technologies). The plates were coated with 30-fold diluted matrigel (BD Biosciences, Billerica, MA) to facilitate adhesion before the cells were seeded. Cells were maintained at 37°C, 5% CO 2 . T3 treatment was performed for 24 hours in Dulbecco's modified Eagle's medium containing 10% charcoal/ dextran-stripped fetal bovine serum (Gemini Bio-Products, West Sacramento, CA).
Functional analysis of THR chimeric protein in TaT.1.1 cells Adenoviruses expressing nonspecific scrambled short hairpin RNA (shRNA), shRNA against both THRB isoforms mRNA, and shRNA against THRA isoforms were described previously (22) . Thirty-six hours after the TaT1.1 cells were plated, they were transduced with shRNA adenoviruses. Thirty-six hours later, media were changed and adenoviruses expressing THR were added. We adjusted the adenoviral amounts to obtain similar levels of protein expression of all THR isoforms in the cell cultures. HA-THRA showed a much higher level of relative protein expression when an adenoviral multiplicity of infection similar to other THR constructs was used. To address the effects of viral load and levels of THRA protein on gene regulation, we performed rescue experiments using two levels of HA-THRA expression (see Results and Supplemental Fig. 1 ). Treatment with different T3 concentrations (0.1, 0.3, 1.0, 3.0, and 10 nM) was performed 12 hours after transduction. After 24 hours of T3 treatment, cultures were harvested for protein or RNA analysis. The concentration of adenoviruses was determined and the level of expression of THRs assessed by western blotting. The control scramble adenovirus and adenovirus expressing green fluorescent protein (GFP) were used at equivalent titers as the viruses of interest.
RNA was extracted using TRIzol Plus (Invitrogen/Life Technologies), and cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). Real-time PCR analyses were performed using iTaq Universal SYBR Green Supermix in a CFX96 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA) according to the recommendations of the manufacturer. Relative mRNA levels were determined using the 2 2DDCt method. The primer efficiencies and the PCR products were assessed by relative standard curves and melting curves. Primer sequences are listed below. Knockdown (KD) and rescue experiments were performed in parallel, repeated three times, and produced similar results. The representative experiments were analyzed using a two-way analysis of variance and Student t test for assessment (GraphPad Prism; GraphPad Software, La Jolla, CA). For all analyses, statistical significance was accepted at P , 0.05.
Oligonucleotides
TRE oligonucleotide sequences used were: DR4,
Western blotting
Aliquots of protein were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and transferred to polyvinylidene difluoride membranes. Membranes were incubated with horseradish peroxidase-conjugated anti-HA antibody (1:1000, Research Resource Identifier: AB_2314622; Roche 3F10, purchased from Sigma-Aldrich). Equivalent loading was assessed by using the same amount of reticulocyte extract, protein concentration, and Ponceau S staining.
Results
THR isoforms have different properties in homodimer formation
EMSA is traditionally used to test for THR-DNA complex formation. All three major THR isoforms, THRA1, THRB1 and THRB2 [ Fig. 1(a) ], bind to DR4, LAP, or PAL oligonucleotides as monomers, homodimers, or heterodimers with RXR. However, the stoichiometry of the interacting molecules contributes to the kinetics and stability of each complex. Therefore, for direct comparison between THR isoforms, it is important to control for protein expression and concentrations of nonspecific proteins. To this end, we created constructs expressing HA-tagged THRs under control of the T7 promoter. THRA1, THRB1, and THRB2 were expressed in rabbit TNT reticulocyte extracts, and equal amounts of proteins [ Fig. 1(b) ] and TNT extract volumes were used in EMSA experiments.
On a DR4 consensus element, THRA1 was unable to form a homodimer under these assay conditions [ Fig.  1(c) ]. In contrast, THRB2 and, to a lesser extent,, THRB1 bound to the DR4 element as a homodimer, which dissociated after treatment with T3 [ Fig. 1(c) ]. These data suggest that the THRB2 N terminus may stabilize homodimer binding or that the N termini of THRA1 and THRB1 may destabilize homodimerization. All THR isoforms were able to bind to the LAP element as homodimers; however, THRA1 binding was weaker, and the homodimer was dissociated by T3 [ Fig. 1(d) ]. No THR isoform bound to the PAL element as a homodimer as previously reported [ Fig. 1(e) ] (6), and we did not pursue this element in our further experiments. All three THR isoforms were able to form heterodimers with RXRA on DR4, PAL, and LAP elements; additionally, as previously reported (23), the THR-RXR heterodimers were resistant to T3 treatment [ Fig. 1(c-e) ]. These results agreed well with the previous observations that THRB isoforms, especially THRB2, have greater ability than THRA1 to form homodimers (15) .
Function of THR isoforms in gene repression and activation
THRB2 is a key isoform functioning in T3-mediated negative regulation of Tshb expression in pituitary thyrotrophs. Using a mouse pituitary cell line (TaT1.1), we have previously demonstrated that knockdown of Thrb using an adenoviral shRNA (Thrb KD) eliminated T3 negative regulation. We also showed that THRA1 was able to repress Tshb expression, but only at high concentrations of T3 (;100 nM). Interestingly, THRA1 binding to Tshb in TaT1.1 cells was only detected by chromatin immunoprecipitation assay after knockdown of THRB isoforms (22) .
The Thrb shRNA was directed at the 3 0 untranslated region of Thrb to permit reexpression of THR isoforms in an add-back (rescue) experiment (Fig. 2) . Real-time PCR analysis demonstrated that Thrb1/2 knockdown with reexpression of GFP (negative control) eliminated T3 negative regulation at 0.1 to 10 nM T3 [ Fig. 2(c) , compare blue and red]. Interestingly, it also increased the level of Tshb expression in the absence of T3 treatment. Both basal and T3-dependent negative regulation of Tshb was restored by addition of an adenovirus expressing HA-THRB2 [ Fig. 2(b) and 2(c) , green]. HA-THRB2 reexpression in Thrb KD TaT1.1 cells resulted in 60% and 75% reduction in Tshb mRNA at 1 and 10 mM T3, respectively, similar to that in control cells [scrambled shRNA and GFP, Fig. 2(c) ]. In an analogous experiment when both Thra and Thrb were knocked down (Supplemental Fig. 1 ), reexpression of THRB2 was able to rescue T3-dependent negative regulation of Tshb, but not the basal level of Tshb mRNA [Supplemental Fig. 1(c)] . Furthermore, the basal expression of Tshb was lowered by reexpression of THRA1 at high levels [Supplemental Fig. 1(b) and 1(c) ], suggesting that THRA1 may have a role in regulating basal levels of Tshb mRNA in the absence of THRB1/2; however, the physiological relevance of this effect remains unclear at this time.
We also performed rescue experiments using adenoviruses expressing HA-THRB1 and HA-THRA1. HA-THRB1 only partially rescued the Thrb KD phenotype (35% and 25% of repression at 1 and 10 nM T3, respectively [ Fig. 2(c) ; Supplemental Fig. 1(c) ]. For THRA1 rescue we used two different adenoviral concentrations (1) to obtain similar levels of expression as THRB1 and THRB2 [ Fig. 2(b) ; Supplemental Fig. 1(b) ] or (2) to achieve similar multiplicity of infection resulting in higher expression of HA-THRA1 (Supplemental Fig. 1 ). Importantly, the expression of HA-THRA1 in Thrb KD cells or in Thra/Thrb KD cells was unable to reestablish T3-dependent negative regulation of Tshb at either concentration.
A number of additional T3-regulated genes were identified in an RNA microarray experiment performed in TaT.1.1 cells and (unpublished data, A. Sidhaye, S. Minakhina, and F. Wondisford, 2017). Rxrg, for example, is repressed by T3 in a concentration-dependent fashion, and Thrb KD abolished this regulation [ Fig. 2(d) ]. We tested whether expression of HA-THRB1, HA-THRB2, or HA-THRA1 could rescue T3-dependent negative regulation of Rxrg and found that only THRB2 rescued hormone-dependent gene repression [ Fig. 2(d) ]. Expression of Rab27 and Sema3c was stimulated by T3 in a concentration-dependent manner [ Fig. 2(e) and 2(f) ]. The relative levels of mRNA were increased up to fivefold and 3.5-fold at 10 nM T3, respectively. Thrb KD significantly reduced T3-dependent gene activation, although KD did not completely abolish the regulation [ Fig. 2(d) and 2(e) ]. KD of both Thrb and Thra abolished positive regulation of both Rab27 and Sema3c [Supplemental Fig. 1(e) and 1(f) ], suggesting that the residual activation of gene expression observed in Thrb KD cells was mediated by low levels of endogenous THRA1.
All three THR isoforms were able to rescue T3-dependent gene activation in Thrb and Thrb/Thra KD cells [ Fig. 2 (e) and 2(f); Supplemental Fig. 1 ], suggesting that all three HA-THRs are functional in positive regulation of gene expression, at least on these two target genes. Importantly, the expression of HA-THRA1 was able to compensate for the lack of THRB in both Thrb KD and Thrb/Thra KD cells [ Fig. 2 (e) and 2(f); Supplemental Fig. 1] ; however, the further increase in THRA1 expression in Thrb/Thra KD cells did not further increase T3-dependent gene activation [THRA1* in Supplemental Fig. 1 (e) and 1(f), right panels]. Overall, THRA1 was able to activate Rab27 and Sema3c expression in a T3-dependent manner, but it was unable to support T3-dependent negative regulation of Tshb and Rxrg.
Mapping isoform-specific amino acid variations affecting the strength of homodimer formation
All three HA-tagged THR isoforms could form heterodimers with RXR on several DNA elements [ Fig. 1 ] and could activate gene expression in response to TH on endogenous T3-dependent genes in pituitary cells. Alternatively, THRB2 and, to a lesser extent, THRB1 were able to form homodimers on DR4 and also drive THdependent repression of Tshb and Rxrg at physiological concentrations of T3.
Based on this correlation, we decided to map which amino acids specify THRB homodimer formation and determine whether these same amino acids affect T3 negative gene regulation. Although THR isoforms all have different AF-1 domains, we decided to focus on the role of the LBD in homodimer formation and negative gene regulation.
In all nuclear receptors, the LBD forms a dimerization interface [ Fig. 3(a) ] and amino acid variations between THRA and THRB could determine homodimerization. Previous work has focused on artificial mutations in the LBD that disrupt homodimerization and heterodimerization. We decided, in contrast, to exchange domains between THRA and THRB LBDs, which are ;90% homologous [ Fig. 3(b) ]. We designed and synthesized chimeric THRs in which the LBD domains were exchanged between THRA and THRB isoforms [the exchange positions are marked in Fig. 3(b) ]. Similar to WT THRA1, the THRA1 carrying THRB LBD (THRA1 LBD ) chimera [ Fig. 4 (a) and 4(b)] formed RXR heterodimers on both DR4 and LAP elements, but it was unable to bind DR4 in the absence of RXR [ Fig. 4(e) ]. However, the THRA1 LBD homodimer on LAP was more stable compared with WT THRA1, and it did not dissociate from DNA after T3 treatment [ Fig. 4(g) ].
When the THRB LBD was exchanged for THRA1 LBD, THRB2
LBD lost its ability to homodimerize on DR4
[ Fig. 4 (c-f)]; additionally, THRB2 LBD homodimer on LAP dissociated to some extent from the LAP element after T3 treatment, unlike WT THRB2 [ Fig. 4(h) ]. These data suggested that the LBD of THRB is one of the domains that defines the strength of its homodimerization on DR4 and LAP elements.
To narrow down the area within the LBD that is responsible for the differences in homodimerization, Thus, our data indicate that the amino acid differences within helices 10 to 12 of the THR LBDs are responsible for differences in homodimerization. Although the work by Ribeiro et al. (6) using artificial mutations shows that helices 10 and 11 are involved in THR homodimerization and heterodimerization, our work indicates that the amino acid variations between THRA and THRB LBDs are also responsible for structural and functional differences between isoforms.
Helices 10 and 11 of THRA and THRB differ in only nine amino acids, eight of which are located in helix 10, and only three of which are nonconserved [ Fig. 3(b) ]. We constructed a THRB2 mutant protein where the most divergent area in helix 10 (YQDS) was converted to the sequence found in THRA1 (SQEA) (THRB2 H10 ) [ Fig.  3(b) and Fig. 6 ]. This small change was sufficient to abolish homodimer formation on a DR4 element, whereas heterodimer binding was unaffected [ Fig. 6(b) ]. Moreover, THRB2 H10 dissociated to some degree from the LAP element after T3 treatment [ Fig. 6(c) ], which is a property found with THRA1. These data suggest that amino acid variations in helix 10 between THRA and THRB isoforms may guide isoform-specific complex formation on DNA, depending on the type of TRE element located in the promoter.
Three amino acids within the H10 helix of the LBD are required for negative gene regulation in TaT.1.1 cells To establish whether the three amino acid change in H10 also affected the function of THRB2, we performed rescue experiments using adenovirus expressing HA-THRB2 H10 as in Fig. 2 . THRB2 H10 and WT THRB2 were reexpressed in Thrb KD TaT1.1 cells at equal levels [ Fig. 7(a)] . The cells were then exposed to different T3 concentrations, and the expression levels of negatively and positively regulated genes were measured [ Fig.  7(b-e) ]. Similar to the WT protein, HA-THRB2 H10 was able to rescue T3-stimulated expression of Rab27 and Sema3C, increasing their expression up to 5.8-fold and 3.6-fold at 10 nM T3 [ Fig. 7(d) and 7(e) ], respectively. However, THRB2
H10 was defective in hormone-dependent repression of Tshb and Rxrg, demonstrating 45% to 50% repression of gene expression compared with 75% to 80% that of WT, and showing no gene repression at T3 concentration ,1 nM. Therefore, the THRB2 H10 rescue phenotype showed similarity to that of WT THRB1 and THRA1 isoforms (Fig. 2) , supporting our hypothesis that homodimerization capacity of the receptor on DR4 and LAP correlates with its function on T3 negatively regulated genes.
Discussion
In this work, we established that the three THR isoforms, THRA1, THRB1, and THRB2, differ in their abilities to form homodimers on DR4 and LAP DNA elements and are also functionally different when expressed in equal amounts in a mouse thyrotroph cell line (TaT.1.1). All three isoforms activated gene expression in response to increasing concentrations of T3; however, they had different abilities to repress gene expression. Expression of THRB2 in Thrb KD cells completely reconstituted T3-dependent repression of Tshb and Rxrg, THRB1 demonstrated reduced repressing activity, and THRA1 was unable to regulate expression of these two genes at physiological concentrations of T3 [ Fig. 2 (c) and
Furthermore, elevated expression of THRA1 in Thrb/ Thra KD cells was unable to rescue T3-mediated repression of Tshb and Rxrg (Supplemental Fig. 1 ), suggesting that THRA1 is "defective" in T3-dependent negative gene regulation. It remains unclear whether this applies to only a subset of negatively regulated genes expressed in thyrotrophs. T3-mediated repression occurs in tissues primarily expressing THRA1 such as brain and heart (1, 19) . These tissues are not thought to express THRB2 and likely express THRB1 at low levels. Negative gene regulation in these tissues may be mediated by THRA1 partnering with tissue-specific coregulators, or H10 showed that similar to THRB2 LBD and THRB2 H10-12 , THRB2 H10 was unable to form a homodimer on a DR4 element, whereas heterodimer binding with RXR was not affected. (c) Similarly, THRB2 H10 dissociated to some degree from the LAP element after T3 treatment. Samples were treated with vehicle or increasing concentrations of T3. *Nonspecific band observed in unprogrammed lysate.
THRB1 might carry out T3-mediated repression in these tissues, even though THRB1 appears less effective in negative regulation than does THRB2.
Functional differences between THRB1 and THRB2 have been previously reported and attributed to their divergent AF-1 domains (2, 8) . More recently using reporter constructs, Wan et al. (20) showed that THRB2 displays an enhanced response to T3 on both positive and negative response elements. In our studies both THRB isoforms acted similar in T3-dependent activation of two endogenous genes [Rab27 and Sema3C, Fig. 2 (e) and 2(f)], but THRB2 had stronger ability to mediate TH negative regulation than did THRB1 [ Fig. 2(c) and 2(d) ], supporting the role of the AF-1 domain in negative regulation. The differential functions of THRB1 and THRB2 agree with the differences in RTH syndromes clinically defined as generalized RTH and pituitary or central RTH (1, 16) . Most mutations in THRB cause generalized RTH, which affects the HPT axis and peripheral tissues, and individuals are clinically euthyroid or hypothyroid in most tissues despite high circulating TH levels. Some mutations, however, cause central RTH, where the HPT axis is insensitive to TH but peripheral sensitivity is preserved, causing symptoms of thyrotoxicosis (7, 16, 25, 26) . One such mutation (R429Q in THRB) affects arginine located in helix 11 on the dimerization surface of the LBD domain (R429 is shown green in Fig. 3 ), selectively blocks homodimer formation and TH-dependent negative gene regulation (7, 16) . The R429Q mutation in THRB was also reported to impair the THRB2 isoform selectively (20) . These findings illustrate the functional differences between THRB1 and THRB2 but also underlie the role of LBD in differential control of gene expression.
THRB1 and THRB2 contain an identical LBD domain; therefore, the LBD cannot play a direct role in the functional dissimilarity between the two isoforms. However, the amino acid variations between THRB and THRA LBDs could affect the dimerization surfaces and H10 only partially rescued negative regulation of Tshb and Rxrg (45% to 50% of repression at 10 nM T3). WT THRB and THRB2 H10 showed similar properties in activation of gene expression of (d) Rab 27 and (e) Sema3c. No significant differences (NS) were seen in percentage of activation (right panels) at 1 and 10 nM T3. Left panels show relative gene expression [y-axis (log 2 )] with increased concentration of T3 [x-axis (log10); y intersects x at 0 nM). Expression levels were normalized to those in scramled KD, GFP no T3. Data points are presented as mean 6 standard error of the mean. Differences were considered to be significant at P , 0.05.
contribute to the differences in THR complex formation on DNA response elements. For example, THRA1 is able to bind to the 5 0 flanking DNA region of Tshb only in the absence of THRB1/2, suggesting that THRA1 has lower DNA-binding affinity than THRB1/2 for the Tshb regulatory region (22) . This agrees with the observation that endogenous THRA1 only represses Tshb expression in TaT.1.1 cells at very high T3 concentrations (;100 nM) (22) . To rule out that low THRA1 activity resulted from a low level of protein expression in TaT.1.1 cells, we expressed THRA1 at the same and also at higher levels than THRB1 and THRB2 in these cells. We demonstrated that compared with THRB isoforms, THRA1 was unable to mediate TH negative regulation on two endogenous genes at physiological T3 concentrations, suggesting that THRA1 is defective in negative regulation at least on certain target genes. Thus, differences in functional properties of THR isoforms, and not only their relative abundance in specific tissues, determine TH tissue effect. In part, this finding might also explain the phenotypic differences between RTHa and RTHb syndromes. To our knowledge, this is the first direct demonstration of this finding using equivalent THR isoform expression levels and a physiological relevant cell line.
Models proposing that RTHa affects organs predominantly containing THRA1, such as brain and heart, are mostly based on mRNA studies (1, 19) . However, THR mRNA levels do not always correlate with protein expression, and early studies using THR isoform-specific immunoclearance/immunoprecipitation followed by a nuclear T3 binding assay indicated that the brain and heart contained 26% and 56% THRB1, respectively (27) . Such high relative expression of THRB1 in these tissues makes it highly unlikely that restricted expression of THRA1 in the brain and heart can fully explain RTHa syndrome. Similarly, RTHb affects tissue with relatively high expression of Thrb2 mRNA, such as the brain, pituitary gland, retina, and inner ear (1, 28, 29) . However, the relative distribution of THRA and THRB protein isoforms in these tissues remains unknown (30) (31) (32) . Alternatively, functional differences between the isoforms could also explain these syndromes. For instance, the limited effect of THRA1 mutations on the HPT axis could be explained by defective activity of the protein on selected negative regulatory elements (e.g., Tshb).
Interestingly, the "defect" of THRA1 in negative gene regulation correlated with its decreased ability to homodimerize on DR4 and LAP. In contrast, THRB2 formed the strongest homodimer on DR4 and LAP and mediated the strongest repression of Tshb and Rxrg. The promoters of both Tshb and Rxrg lack classical DR4, DR0, or LAP motifs, suggesting that in vivo tertiary and higher order chromatin structures contribute to forming effective TRE elements. Regardless of these findings, EMSA on DR4 and LAP served as an effective method to correlate a DNA complex formation with negative gene regulation using amino acid sequence variations between THRA1 and THRB2. Homodimerization on DR4 and LAP may reflect different affinities of THR isoforms to TREs, and possibly their different abilities to interact with a partner nuclear receptor.
Although it is clear that more than one domain of THR contributes to homodimer formation as well as negative gene regulation, we focused on the LBD because it is physically involved in receptor dimerization (6) . We constructed domain swaps of the LBD between WT THRs. This chimeric approach has an advantage over previous studies, which used artificial mutants of the LBD, because chimeric THR proteins should be minimally affected in their general structure and function, including ligand binding or cofactor interaction.
The first domain exchange experiment (Fig. 4) proved that the LBD from THRA in the context of THRB2 was unable to form homodimers on DR4 and formed weaker homodimers on LAP as compared with THRB2. Conversely, THRA1
LBD appeared to form more stable homodimers at least on LAP elements (Fig. 4) . Using EMSA, we narrowed down this homodimerization property to a small area within helix 10 of THRB (YQDS, Figs. 3 and 6) . Importantly, reexpression of THRB2 H10 in Thrb KD TaT.1.1 cells demonstrated that the protein was fully functional in TH stimulation of Rab27 and Sema3c, but it was defective in TH repression of Tshb and Rxrg (Fig. 7) , proving that WT THRB2 requires these three amino acids to function in negative regulation and that the corresponding amino acids in THRA1 cannot act as a substitute.
We suggest, therefore, that THRA1 contains an intrinsic defect in negative regulation. Mapping this defect to specific amino acids within the LBD domain and using chimeric design in future in vivo experiments will allow us to differentiate between relative receptor abundance and intrinsic functional differences between THR isoforms as mechanisms to explain normal TH action and complex RTH phenotypes.
